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ABSTRACT 


Salmonella typhimurium was studied at incubation 
temperatures between the optimum and minimum for growth. 
TReweorOwen patlernrat 3/7, 25, 20, and 15°C was essentially 
the same, the only difference being a decrease in growth rate 
with each decrease in temperature. However, at 10°C the 
cultures exhibited a long lag phase. Microscopic examination 
of the cultures grown at this temperature showed the presence 
of long filaments. 

The filaments produced at 10°C showed no quantitative 
difference in macromolecular composition from cells grown at 
37°C. Formation of filaments was not markedly affected by 
the composition of the medium, 

When the filaments were transferred from 10°C to 
37°C division into normal rods occurred rapidly and was 


esence of 


0) 


vVErtualby comelece: within fourwhours. The pr 
metabolic inhibitors at the time of temperature shift did 
None prevent cealirdivision, durang,; the first sO minutes at 5/7 -C. 
The addition of céll extract from a stationary phase 
Cit iver drowleaqtaov CC to 4 Culturesst 10 Cogqreatly educed 
the number and length of filamentous cells. Heated cell 
SxvesaCteoLrOughi, aoOouL the Same Tesponse. 
Electron micrographs showed that DNA was distributed 
along the length of the filaments. The cell wall and cell 


membrane were separated by a periplasmic space whereas this 
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INTRODUCTION 


"It has been estimated that, if the average daily 
temperature on the face of the earth as a whole were suddenly 
raised or lowered by only 20 degrees, all life would perish. 
Thisvestimate nay Not bevitul ly correct) sbuttnetther tis tifar 
wrong, Since disastrous consequences to most forms of life 
would surely follow a sudden change of this sort by seemingly 
few degrees. Moreover, it bears eloquent witness to the 
narrow range of temperatures through which life can suc- 
cessfully operate." This quotation from Johnson, Eyring and 
Polissar (1954) dramatically illustrates the very sensitive 
relationship between temperature and biological activity. 
Extensive studies on this relationship have demonstrated 
major differences between chemical and biological systems and 
also elucidated many subtle and interesting deviations from 
the general rules. = 

In a chemical reaction, the addition of energy to 
tniewsystemiin ther form of heat will, result in an increase.in 
tie welocity of fthe reaction. Provided) thatythe, reactants 
and the products are not heat labile, the increase in velocity 
of the reaction will continue over a wide range of temperatures. 

The relationship between the velocity of a chemical 
reaction and temperature was studied extensively by Arrhenius 
who developed the following equation that bears his name: 


-E/RT 
v = Ae 
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where v represents the observed velocity; R, the gas constant; 
T, the absolute temperature and E, the activation energy. 
Preomsties equation, Lo werolear thatea linear 
relationship should result when the natural logarithm of the 
PaLewOnwLeaction 2S plotted against the reciprocal of the 


absolute temperature. 


Arrhenius when applying the equation to biological 


SYStelomsUDstlctiiced 1 for Bye being rererred to as the 
PeECMPeratlre Charecteristic. “lhe use: Of 1 instead of EF 
Waseda reCOgNttton Of the fact that in biological processes), 
Growenwand activity are the result of a complex Series of 
feactrons, “atner than the result, of a specific reaction. 
When the Arrhenius equation is applied to biological 
data, it is apparent that the linear relationship between the 


rate of reaction and temperature only holds over a narrow range 


of temperatures.’ This is illustrated below. 
Ke 
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growth and temperature of M. eryophilus and mesophilic 
mutants £8 and M19. o M. eryophilus, A ‘T8, A M9. 
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ihe deviations from linearity are most Jaikely a 
Manitestatton of the complexity of the nature of biological 
processes. Thus the phenomenon of cellular growth is the 
result of many hundreds of individual reactions each of which 
has its own temperature characteristic. 

Hie groweh of a particular microorganism is examined 
oOverwea Cange of temperature it 1s usually found to be best in 
Beracnereeestricted range with ythe growth Gate falling off 
correspondingly at temperatures above and below this range. 
At the extremes, growth is not possible and these two limits 
are referred to as the minimum and maximum growth temperatures, 
Pies tenperature Or narrow range, ot temperatures at which the 
organism grows best is known as the optimum temperature. In 
a living system the optimum temperature may be termed as that 
point at which metabolic processes function at a maximum rate 
consonant with the maintenance of the system. In bacte- 
riology, the most common meaning of optimum temperature is 
the temperature at which the specific growth rate is maximal 
(Ingraham, 1962). The specific growth rate (k) can be 


calculated from the equation: 


230 3e (1 0G —X5) —gllogexa) 
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in which xy and xj are any extensive property of the cell 
at times ty and t,- Most commonly x is a measure of dry 
weight, absorbance, cell numbers, protein, ribonucleic acid 


or deoxyribonucleic acid. The value of k, the specific 
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4 
growth rate, will be the same no matter what component of the 
cell is measured, provided that the culture is in a state of 
balanced growth. 

Although all microorganisms exhibit minimum, maximum 


and optimum temperatures the ranges of these temperatures vary 


considerably from species to species. Thus Escherichia coli 


has minimum and maximum growth temperatures of approximately 
@ eCeand 46 7C recpectively whereas elor Micrococcus eryophilus 
Ene BeeNperecuves abe — 5° oCvands 25" Cy. The temperature range 
for growth for any particular microorganism is however quite 
consistent, being within the range of 30 to 40 centigrade 
degrees. 

Temperature response has been used as a basis for 
the classification of microorganisms into three main groups, 
namely, psychrophiles, mesophiles and thermophiles. The 
Gistinguishing characteristic of the psychrophiles is their 
abitity Lo grow at the lower temperature extremes. tTIngraham 
and Stokes (1959) defined psychrophiles as microorganisms 
thaceqrow ats0c to form macroscopically visible. colonies 
on solid media within two weeks. However, Stokes later 
(1963) restricted this definition and confined the required 
formation of visible colonies to one week. Alternative 
terms have been used for the psychrophiles based on their 
optimum temperatures for growth hence, those which have an 
Ourimumecenperature of 20°C or higher are called facultative 
psychrophiles and those with optimum temperatures lower than- 


20° C are termed obligate psychrophiles (Farrel and Rose, 
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At the upper extremes of temperature, another group 
of microorganisms is capable of growth at temperatures 
above 50° C and hence they have been aptly called thermophiles. 
Himes rOUpeOL sOrganioms 1s further ditferentiated into 
Strict or obligate thermophiles with optimum temperature for 
Sroy ember weenpoa - /0°°Caburedo not grow below 400) - 42°C 
and the facultative thermophiles with maximum temperature for 
CrowEn between 50° — 65° C andvcapable of growth at room 
temperature. (Farrell and Canpbell 1969) . 

fegeneral, the most. favorable temperature Lor growth 
OF the organism is roughly correlated with the natural 
Babitat, thus most, 1L£ not all the bacteria that are pathogenic 
to or saprophytic on man usually grow best around 37° Cc and 
are called mesophiles. Elliot and Heiniger (1965) studied 
the heat resistance of 14 strains of Salmonella grown on 
trypticase soy broth in a temperature gradient incubator and 
found that the maximal growth tenperatures fell between 43.2° 
ancesGe7 Cc and thac no strain at 100 / mi survived 50° C for 
4Q° hours. On the other hand Matches and Liston (1968) found 
that the minimum temperature that supported growth of S. 
typhimurium when grown in a similar complex media and growth 
COncieLonm was 6.2 °C. 

From the above information, it might be asked then 
what is the physiological or biochemical factor that restricts 
the growth of microorganisms within certain limits of 
temperature. Why do some microorganisms tolerate certain 


Sy 1 =A / WOPReaArS 
temperatures that prove unfavorable for others? Many worxers 
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have searched for an explanation of the phenomenon. 
Microorganisms in common with all other living cells, contain 
molecular species including proteins, nucleic acids and lipids, 
the properties of which are affected by temperature. The heat 
lability of enzymes is well established and this thermal 
stability 225 number of enzymes and structural proteins has 
been erelatedeto the growth of Microorganisms) and Nas been 
accepted as an important factor that causes the decline in the 
growth hetue of microorganisms when grown at temperatures above 
the optimum temperature. This concensus has been supported 
by the work of Evison and Rose (1965) which showed that 
increasing the temperature of incubation 3° - 5° C above the 
maximum for growth caused a decrease in the activity of many 
Tricarbpoxylic Acid Cycle enzymes and that in a yeast, Candida, 
the majority of the TCA enzymes were irreversibly inactivated. 
Implication of the cytoplasmic membrane as the site 
ef lesion resulting from incubation at temperatures above the 
optimum has been, supported by the work of Siccardi and Shapiro 
(1971) Inouye and Pardee (1970) on a thermosensitive mutant 
of E. coli. They found that incubating this organism at 40°C 
resulted in the alteration of the protein component of the 
membrane. In addition to this observation, they concluded 
that this membrane alteration was associated with defective DNA 
synthesis Alvood: and Russel (1968) and Nozawa et al. (1967) 


Similarly observed membrane damage in Staphylococcus aureus 


and E. coli respectively when the temperature of incubation 


was increased. yoreover they also showed that RNA was 
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degraded and eventually leaked out from the damaged cell. 
This degradation of ribosomal RNA was found to be due to the 
increased concentration of ribosome bound ribonuclease at the 
Upper cemperaturesoreincubationy Purthersesupporiecor Enis 
type of response is the observation of Hagen et aleve (1964) on 
CmPpayeRropoii teestrain Of Serratia which, when incubated Us5 
degree higher than the maximum temperature for growth, lysis 
occurred rapidly due to the breakdown of certain membrane 
econstitutents. Spratt and Rowbury (1970) isolated a mutant 
of S. typhimurium with an optimum temperature of 25° C. When 
Cis Mecano was =ancubated ateseceC, 1 tiincreased in celi@mass 
without concurrent DNA synthesis resulting in the production 
of long filaments and the loss of viability. Similar obser- 
VaeLons Mave “been meportedebysnirotaletaa loa L96s) Pons egeaceli 
BNOeDYSGross le Jali 1963) Pon Bac lus@subtliis . 

Pace and Campbell(1967) examined the differential heat 
StabilityeoE ribosomes" from a, variety*or psychrophi lic; 
mesophilic and thermophilic microorganisms and found that the 
thermal stability of ribosomes correlated positively with the 
maximal growth temperature of the organisms. 

Ng erat. ( 1962 ) stugied the effect of shifting 
aneexponentiallysgrowang culture of HE. coli’ ML 30 from 30° ¢ 
to 10° Ceandetoundethat’ the *curbidityeteailedttoeancrease for 
4 hours. However, no killing or death resulted from the 
temperature shift and neither was there an increase in viable 
cell number. It was later found by Shaw and Ingraham (1967) 


that during this lag period, there was no net synthesis of 
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deoxyribonucleic acid (DNA), ribonucleic acid (RNA) and 
protein. In view of their result that protein synthesis 
commenced after four hours of lag and that growth did not 
recommence till after four and a half hours, it would appear 
that protein synthesis was necessary for the resumption of 
growth. 

Be Coro ing son kaemprer seta) aaGllGg) nana at Lonvot 
protein synthesis of E. coli involves an ordered association 
Of et nestwour tbosomal sub-units 50 Sand 30 S,. messenger sRNA, 
formyl - methionyl RNA and several protein factors. After the 
70 S ribosome completes the translation of the mRNA mole-+= 
Gules, it dissociates at some wont into sub—-units before 
Gewleia toe pLOtei in synthesis: ebriedman steal. (1909) have 
Shown that when the temperature of an exponentially growing 
Culuuno wor  wcOliais lowered (logs) Cor ebeloy, there gvas van 
accumulation of ribosomal sub-units. When the temperature 
was raised above 8° C however, there was a dramatic decrease 
of ribosomal sub-units. This finding is interpreted as 
resulting in temperature induced in vivo block in the 
iDtetacion Of Protein symthesis DUG not lin the completion of 
previously initiated polypeptide. Synthesis of RNA and DNA 
continued even at 7° C. 

The above observation could. perhaps expiain the 
findings of Goldstein et al. (1964) who found that lowering 
the temperature of incubation of E. coli to 0° C resulted in 
the significant over-all decline in protein synthesis which 
eventually stopped after a few hours. After returning to 


37° C, the amino acid incorporation in vivo resumed its 
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9 
original rate. Friedman et al. (1971) have suggested that the 
low temperature defect is due to the inactivation of the 
ribosomes since if cells that have almost ceased incorporating 
amimoracids at. 02 C were brought back to 37°C) incorporation 
started immediately at a rate equal to that in the control 
cells never subjected to the low temperature treatment. If 
the temperature was raised only to-10° C the cells recovered 
Lier ncorporat ing ability slowly. » This) temoeraturersiUre 
Suggests tnae at, 10> C and higher, the rate of reactivation 
of the ribosomes is faster than the inactivation reaction, 
resulting in the reversal of the low temperature defect. They 
further noted that the accumulation of ribosomal sub-units at 
low temperature was not dependent on the growth medium. It is 
likely that an inability to initiate protein synthesis may 
explain the observation of Ingraham (1958) that cell division 
Pietemeo lL meatGunoletake Placobelowscs C7 av processswaren 
naturally requires new proteins. It is perhaps justifiable 
to assume that for every strain of bacterium, there 1S a 
characteristic minimum temperature capable of promoting the 
initiation of Drotein synthesis and that this characteristic 
temperature might also set the minimum temperature for 
growth. 

That low temperature can affect the induced synthesis 
of enzyme is apparent from the report of Horiuchi and Novick 
(1961) in which a strain of E. coli was inducible for the 
synthesis of 8- galactosidase at 14° C whereas at 43° C, 


the cells synthesized the same enzyme in the absence Of an 
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inducer. Synthesis of tryptophanase by another strain 
of E. coli has been reported to be similarly affected by low 
temperature (Ng and Gortner, 1963). This decrease in the 
synthesis of the enzyme has been suggested as the result of 
the failure of the operator gene to function at low temper- 
ature. Marr et al. (1964) have shown that a decrease in the 
Rate OF Synthesis of @- galactosidase at low temperature is 
Cues LOnLie increase in concentration of a repressor with 
decrease in temperature. O'Donovan and Ingraham (1965) 
teOlated (a Cold-sensitive mutant of EH. coli that has specific 
requirement for histidine at low temperature. Its require- 
ment for this amino acid was due to feed-back inhibition and 
the defect appeared to be at the regulatory site of the 
allosteric protein, PR- ATP pyrophosphorylase, the enzyme 
that catalyzes the first reaction on the pathway to histidine 
biosynthesis which was more sensitive to feed-back inhibition 
than the parent strain. An enzyme that catalyzes the 
reversible oxidation of D(-)-8-hydroxybutyrate to aceto- 
acetate, B- hydroxybutyric dehydrogenase was found to be 
severely minacti verted at 0° Cl sShuster sand Duodorore, (1962) 
found that reactivation of this enzyme was achieved after 
6 to 8 minutes at room temperature. 

As stated earlier, a change in temperature away from 
the optimum temperature for growth results in a change in 
growth rate. Schaecter et al. (1958) studied the effect of 
medium and temperature on the cell size and composition of 


S. typhimurium. They have explicitly demonstrated that the 
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AL 
contents of DNA, RNA and protein were influenced by the 
growth rate afforded by the medium at a given temperature. 
They further concluded that the size and chemical composition 
characteristic of a given medium were not influenced by the 
temperature of cultivation. This statement seems questionable 
Since their experiment was limited to a very narrow range of 
temperature, and that beyond temperature range they studied 
(25% "= 37° €) 1t is possible that this’ generalized statement 
might not hold true. 

some microorganisms exhibit an increased synthesis 
Of polysaccharides at temperatures lower than the optimum 
for growth. Tempest and Hunter (1965) reported an increase 
BEOMs Gree scO G.9S “Liethe proposeron” OL dry weignt accounted 
for as carbohydrate when the temperature for growth of 
Leuconostoc species are induced to produce extracellular 
dextran at 25° C’ and this was found by Neely (1960) to be due 
to the activity of the enzyme, dextransucrase which is 
tnactrvated at 30° CY “In another “case, Ng (1969) working 
Wociere COlim found that the cells: grown at 10° C contained 
More, Caroohydrate “han did ‘cells grown at 37° C. Since 
hevdemonstrated that at 10°°C the growth rate was Slower than 
the resoiracory rate, he concluded that the inability of 
biosynthesis to keep pace with catabolism should result in 
the diversion of energy from catabolism into forms of 
storage e.g., glycogen and this is reflected by the higher 


° . . 7 r 9 i} 
G@aLrbouydrate™@ fo protein ratio in cells grown at 10° «Cc 
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Compared =to those grown at 37° °C, 

Several reports have been presented concerning the 
effect of environmental temperature on fatty acid composition 
of i bacteria; » (Ray wet ale, 1971; sshaw sand Ingraham, 1965) . 
However, the actual function of fatty acids in the determi- 
nation of the minimum growth temperature is not clear. In 
general the results reveal Laat. kas temperature incubation 
favors the synthesis of unsaturated fatty acids and a decrease 
in saturated fatty acids. Shaw and Ingraham (1965) rejected 
the hypothesis that the fatty acid composition of the cells 
is directly related to the limits of temperature permitting 
growth. They based their conclusion on their observations 
that changes in fatty acid composition can also be achieved 
by varying the composition of the medium and other environ- 
mental conditions such as oxygen tension. 

Phospholipids are believed to have at least two 
distinct role in biological membranes. The first role is 
structural. The lipid component of the membrane is believed 
to impart much of the uniqueness of the membrane e.g., 
permeability as well as providing a matrix in which membrane 
proteins are embedded. Another clearly delineated role for 
phospholipids is their requirement for the function of 
certain membrane associated enzymes. Rothfield and Horecker 
(1964) have demonstrated in S. typhimurium G. - 30, the 
Fequirement for the lipid fraction found in the cell envelope 
in the biosynthesis of lipopolysaccharides and that the 


activity of the lipid extract in the enzymatic 
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glucosyl-transferase reactions reside in the phosphatidyle- 
thanolamine of the cell envelope. Furthermore, they observed 
that the fatty acid components of the phosphatidylethanolamine 
imp luencedsthe activity An that, saturated fatty acids had 
negligible and only slight Sot ans the highest 
phospholipid activity was observed when the fatty acid con- 
Gained vat! ieast one double bond or a’ cyclopropane vind, and 
conversion of the acyl residues from unsaturated to saturated 
by catalytic hydrogenation caused complete loss of activity 
(Rothfield and Romeo, 1971). 

Synthesis of bacterial phospholipids and their 
component fatty acids have been shown to be affected by 
temperature. Sinensky (1971) noted that the higher the growth 
CeQvcracUrC@On Heme COLMCUuLTULeES 7s tlee Greater the proportion 
of saturated fatty acids in the bacterial phospholipids. The 
implication of this observation is best explained by Mavis 
ance vedelosm (i972) and Haest ct ale (1972) that the bacteria 
adjust the fatty acid composition of the phospholipid in 
response to growth temperature to compensate for the change 
in permeability (caused by temperature change) by reducing 
the degree of unsaturation of the phospholipid paraffin 
chains. Saturated fatty acids tend to render the membrane 
lesetimad wiile unsaturated fatty acids have opposite etfccr. 
Thus, the increase in unsaturation at lower temperature may 
be viewed as a means of ensuring that the proper degree of 
membrane fluidity is maintained for the proper LUNG Ee Long 


OL the osmotic barrier. 
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Okuyama (1969) studied the turnover rate of 
phospholipids in E. coli after a shift in temperature from 
S12 bOwLU TS Lor albehour Lageat the latter temperature 
and observed that although there was a gradual synthesis of 
phosphoglycerol, cardiolipin and phosphatidylethanolamine, 
the synthesis of phosphatidylethanolamine was lower and that 
the degradation of phosphatidylethanolamine at 10° C which 
is known to be very stable in normally growing cultures was 
very much lowered. 

From the foregoing literature review it is clear that 
biological systems exhibit many deviations from a linear 
response to temperature, particularly as the temperature 
approaches the minimum and maximum growth temperatures. 

Interest in temperature effects on microorganisms has 
increased tremendously over the last ten years, probably as 
amvesilteo. two ylactors,. | Firstly an understanding of the 
molecular basis of maximum and minimum growth temperature is 
of considerable biological significance. Secondly, temperature 
is probably the most important environmental variable in con- 
trolling the growth and activity of microorganisms in food 
materials and in manufacturing processes based on micro- 
Organisms. The more information there is on this subject the 
greater the possibilities for controlling and optimizing 
M1Cropial activity. Although the literature on thermal 
destruction (pasteurization, Sterilization) is exhaustive, 
and although extensive studies have been carried out on the 


effects of freezing, there is still limited information on 
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1 
the effects of sub-optimal, non freezing temperatures on 
therogrowth ond wactivity of microorganisms, “ With» this ain 
mind, the present study was undertaken to obtain information 
of the effects of sub-optimal temperatures on Salmonella 
typhimurium. This organism was chosen because of its great 


importance as a cause of food poisoning. 
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MATERIALS AND METHODS 
Test Organism and Growth Medium 


A strain of Salmonella typhimurium ATCC 13311 (American 
LyPee CULCUPeRCwOuleCrlOn) Was mUuScautEnNrOugnouc tia course Of =the 
experiments. 

stock cultures were maintained at 0° C on Trypticase 
soy Agar (Baltimore Biological Laboratories, Cockeysville, 
Maryland, U.S.A.) and sub-cultured at monthly intervals. 

The cultural responses of the organism were studied 
in either a complex medium, Trypticase Soy Broth (TSB) or 
minimal medium. The minimal medium was the one developed 


by Davis and Mingioli (1950) and had the following composition: 


Glucose Beh (3; (NHy) SO, OG 
KoHPO, jet Sodium Citrate Dey 46; 
KH5PO4 Be Oma Distilled water 1 liter 


Maso aera OMn 2 O..leg 


The pH of the medium was 7.0 


Prenaratlon OL tnoculum 
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Trypticase soy broth was prepared and dispensed in 
100 ml aliquots into 250 ml Erlenmeyer flasks and sterilized 
at 121° c for 15 minutes. One flask was inoculated with a 
icesrul ct the test Organism from a stock culture slope, The 


inoculated flask was placed in a shaking incubator 
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aby, 
(Gyrotory Shaker, New Brunswick Scientific Co., New Brunswick, 
New Jersey, U.S.A.) at 37° C and agitated at 200 rpm. When 
the culture reached the mid-exponential phase of growth, 
absorbance, approximately 1.0.— 1.5, a subculture was trans- 
ferred to another flask of sterile pretempered medium. At 
least four further transfers were made in this way before the 
GUltubeewistuse aS wan Inoculum ain furthen studies. | fhe 
purpose of the transfers was to ensure that the growth 
potential of the cultures was fully expressed and also to 


obtain cells in a reproducible physiological condition. 
Growth Conditions 


1000 ml aliquots of medium were dispensed in 2 liter 
Erlenemeyer flasks fitted with a side arm for sampling and 
inoculation. A Teflon coated magnetic stirring bar was placed 
iheeeach tlask before steri lization-at 121° C for 15 manutes< 

Reteresteri)12acron ca, plask was placed invarl2. axialae 
x 2 = plexiglease tank. Water Was Lhen’ circulaced Throughout 
the tank in such a way that the water level was above the 
level of the medium in the flask. Temperature control was 
achieved by the use of a micro-set thermoregulator (Precision 
Se1entucic, Chicago, Tllinois, U.S.A.) with a sensitivity of 
+ 0.01° C. The thermoregulator was immersed in a water bath 
and coupled to a heating and refrigeration system, thus 
maintaining the water bath at the desired temperature. The 
plexiglass tank plus Erlenemeyer flask was placed! ona non- 


heating magnetic stirrer (Bellco Glass Inc., Vineland, New 
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18 
Jersey, U.S.A.) to allow for agitation and aeration. Prior 
to inoculation the flask was allowed to equilibrate at the 
desired temperature, 

The inoculum was prepared as described in the previous 
section. After 6 transfers from the mid-exponential phase 10 
WivorewEcure was Moculatedeinto thie Vhrléenmeyer eLlask.@g@his 
represented ‘a 1% ‘Inoculum and normally gave an®original cell 


count of approximately 106/m1. 


MeasurciieU Eno lsColl oi 2e 

Periodically, 0.1 ml of the growing culture was added 
to 1.0 ml of 0.5 % molten, filtered agar { Difco Laboratories, 
Detroit, Michigan, U.S.A. ). One drop of this cell suspension 
in agar was then placed on a microscopic slide and a cover slip 
was pressed firmly onto the drop, expelling all excess material. 
The preparation was viewed under phase contrast microscopy at 
a magnification of 700 x using a Leitz Ortholux microscope. 
Measurement was made using a micrometer eyepiece fitted with 
vernier scale ( Spencer OA, Buffalo, New York, U.S.A. ). Size 
measurement was standardized using a microscope stage micro- 
meter slide ( American Optical Co., Buffalo, New York, U.S.A. ) 
with 0 ~- 0.01 mm divisions. 100 cells were chosen at random 


for length measurements. 
To demonstrate division or fragmentation of the vex 
long cells after temperature transfers from One wit Ors ye ete 


Trypticase Soy Agar was poured evenly onto cléan microscope 
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Lg 
Slides and allowed to cool aseptically by putting the slides 
Mricecwebempetri disies, “A.drop of the culture at 10°C was 
thenyspreaa Over kenec agar and inctlbateda at 37°C, At the 
desired intervals, smears were’ then imprinted onto a clean 
microscopic slide by pressing it against the inoculated agar 
and the imprint was fixed and stained immediately using the 
Gram staining procedure. These preparations were then photo- 


graphed using a Leitz microscope fitted with a camera. 
Estimation of Macromolecular Composition 


Determination of Carbohydrates 

Samples (5ml) were taken in duplicate aseptically at 
intervals and centrifuged at 9,000 rpm for 10 minutes at 4°C 
in) a Sorvall RC2 B Superspeed Refrigerated ‘Centrifuge (Ivan 
Sorvall, Norwalk, Connecticut, U.S.A.). The washed pellet was. 
stored at -20°C in screw capped Pyrex test tubes until 
analysis was to be done. The cells were then suspended in 2N 


Hi oO,e COLOrigunalsvolumes,and hydrolyzed ab il00cG) for <2uhours 


2 we 
in an oil bath. -The hydrolyzed samples were cooled and ana- 
ivzed Gduantitatively for stotal carbohydratesmusing the Phenol— 
SUE eC a AC. ile: DOG sO PeDUbOIS go U Pails (LO 9.0) 7h 

Phenol in the presence of sulfuric acid reacts with 
sugar giving a yellow orange color with a definite absorption 
peak. ethe intensity cot the color asia function, of ;theypaenol 
added. As the amount of phenol is increased, the absorbance 


increases to a maximum and then falls. Hence the optimum 


quantity of phenol added to the reaction mixture that gives 
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20 
the maximum absorbance with a definite concentration of sugar 
was determined as shown in Table ie 

80% (w/v) phenol was prepared by adding 20 g (20 ml.) 
OfeoOuUDLG=Gtetil led water CO S0sgror phenol, (Analytical Grade, 
Mal Vinekrodte Chemical Works, Gt. houls, Missouri; U.SeA,). 
Tivesdave aecOrtrspoOnding concentration Of phenol of 0.33 g/ml. 

SULEUGLCHAcid- was«reagent-grade,~953>- Sp.—Grinpedew84, 
ACS Certified. 

1 ml of the acid hydrolyzed bacterial sample was 
pipetted into reaction tubes in duplicate. 0.07 ml of 803 
phenol solution was added into each sample tube and mixed 
Phorougiiy., when, 5 ml of “concentrated sulfuric acid was 
added using a fast delivery pipette, the stream of the acid 
being directed against the !iquid surface rather"than against 
tne side of the tube in order to obtain rapid reaction and 
good mixing. The reaction mixture was mixed thoroughly in a 
Vortex mixer (Vortex - Geniéy Scientific Industries, 
Springfield, Massachussetts, U.S.A.) and allowed to cool to 
55 9s s- eC the ebsorbance Of othe characteristic yel low - 
CEence color wae measured in a lvemilight path at 490 nm in 
a DBG grating spectrophotometer (Beckman Instruments, 


Pulderton, California, U.S.A.) against a blank substituting 
distiited water for Gugar solution. The amount of total 
carbohydrate was determined as glucose against a standard 
curve previously constructed using glucose (Analytical 


I 


Reagent, Fischer Scientific, Fairlawn, New Jersey, Ur ee oes 


See Fig. l. 
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TABLE 1 


ADsoOroance Or Pnhenol-Sulfurie Acid and Glucose Mixtures as a 
Function of Phenol Concentratiron 


a a 


Volume Phenol Added Weight Phenol (pq) *Absorbance 


ae ee a 490 nm 
0.01 sya 6) w25 
0.02 16:0 sel) 
O03 24.9 290 
0.04 B32 Sart 
ORO 41.5 -60 
Oh 865 49.8 Soe 
O07 Oe. 64 
0.08 66.4 08 
O70.9 TT 02 
Oi cd) 832.0 203 


The absorbance is the average of three tests. 


he ¢ 
; ; i 7 ogee 
in np entnseiih demas! Lew, via! oleae loot 
—_ nesntiiisco] (sone Te einsdecw 


ee a 


- a] 
aeanpetonntn® 


» 
ij 


® a ¢ 
| Shpbet Det) fomeit Saelov 


_ 


ee ee 
7 ~ 


———— — 


es. 


_—— 


4 


. 


b 7 
i 


20.0 was 


. < oleae 


a2 


£2 I FTES Lene eA, LOE RSL TELS MS MPPs ETT eee ' oa ear TS eee OOS STEER ES TEREST CI eM AS Co! 
7 


0 20 £0 60 80 
e (ug/ml) 


Pigessle) Standard Curve for the determination of carbohydrates 
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Determination of mucleic acids and protein 


General 

The procedure for the preparation of biological 
materials for the quantitative analysis of nucleic acids 
involves basically first, the removal of low molecular 
weight compounds such as nucleotides and sugars that might 
cause interference with the accuracy %f estimation. The 
usual method of removing these interfering substances is by 
precipitation of the nucleic acids and protein with cold acid, 
Ueto VetiienlOmOdaCceLLC saciid (8CAlmOonr 0ELChlOMmiC acta PCA). 
The temperature and concentration of the acid precipitant is 
critical as it might cause degradation and loss of RNA. Ogur 
and Rosen (1950) found that it was necessary to reduce the 
Concentration Of perchloric vacid, to 062 Nin order to remove 
acid soluble compounds without running the risk of solubilizing 
RNA. Munro and Fleck (1967) have observed that 0.2 N perch- 
loric acid also caused maximal precipitation of DNA and protein. 
They further emphasized the need to maintain the temperature 
below 4° C as increase in temperature could cause the solu- 
bility of RNA and DNA. 

For the extraction and separation of nucleic acids, 
the Schmidt-Thanhausser method (1945) involves the digestion 
of the cold acid precipitate with alkali which hydrolyzes 
the RNA and leaves the DNA in a form precipitable upon 
acidification. Here again, the condition for the separation 


of nucleic acids is critical. Employment of high temperature 
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results in a partial degradation of DNA. Fleck and Munro 
(1962) found that the optimum concentration of alkali for 

the release of animal tissue RNA to acid soluble form is 

0.3 N. These same authors found that at 37° C at least one 
hour digestion period is required for animal tissues to 
extract all the RNA into acid soluble form whereas for plants, 
periods of three hours were found necessary. 

Sugiyama et al. (1954) found that there is a consider- 
able range of temperature over which DNA remains stable when 
incubated in alkali. Essentially, no degradation of DNA to 
ecrTuysolublenproducts ocecurs during heating at 50°°C for™5 
hours. 

The separation of RNA and DNA at the end of alkaline 
digestion involves cooling the alkaline digest to 0° C 
before acidifying which is essential for the maximum pre- 
Capi tatdone of DNA. The digest 1s acidified to a final 
perchloric acid concentration of 0.2 N and the precipitate is 
washed of remaining soluble form RNA with 0.2 N perchloric 
acid. This achieves a virtually complete separation of RNA 
and DNA. 

The preparation of bacterial samples for nucleic 
acid and protein analyses was basically carried out according 
to the procedure of Schmidt and Thanhausser. Ten ml of 
culture was removed at the desired interval and centrifuged 
at 9,000 rpm for 10 minutes at 4° C. The supernatant was 
discarded and the pellet was suspended in 0.2 N cold perch- 


loric acid to remove low molecular weight and soluble 
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compounds. The mixture was mixed in a Vortex mixer and 
centrifuged at 9,000 rpm for another 10 minutes. The pellet 
was washed twice with 0.2 M KH2P04/KgHPO, buffer, pH 7.0. 

The washed pellet was suspended in the same buffer and stored 


at -20° C for subsequent analysis. 


Ribonucleic acid 

Ribonucleic acid content of the culture was estimated 
by thestcolorimetric method of Dische (4955) using the orcinol 
colon reaction as modified by Lin and Schjeide (1969). (This 
mechodsuses cupric ion as a catalyst in place of the conven- 
tional Frervic ion. 

Cupric ion reagent was prepared by dissolving 0.15 g 
OLPCuCIw 2550 in L00/ml of concentrated hydrochloric: acid 
(Cre psec oravyety,; 1.19) sto vieldra soltition of m8 x 
TOsCRE PcuprlLe ign. 

Orcinol . reagent was prepared by dissolving 12.5 gq 
Oreimole(Anolyeical Greae, Fischer scientific Co. , *Parzlawn, 
New Jersey, U.S.A.) in 95% ethyl alcohol to make 25 ml of 
502 (w/v) stock Solution. For thespreparation of 100° ml 
orcinol reagent that is needed in the analysis 2.0 ml of 
LiemetoceesolLution is mixed with) LOO milion cupric ion reagent. 

Duplreate 2.0 mie aliqucouson thesacid=solubler RNA 
sample was pipetted into test tubes. The same volume of 

reinol : cupric chloride reagent was added. The reaction 
tubes were covered with marbles and heated at 100° C in an 
oil bath for 35 minutes after which they were cooled to 


: ie: eta he oe R Oey cs ; 
room temperature. During heating, the mixture developed a 
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27 
bluish green color, the absorbance of which was measured at 
660 nm in a 1 cm light path using a DBG spectrophotometer. 
The concentration of RNA was determined against a standard 
curve prepared in the same manner as the samples except for 
the replacement of the samples with RNA, soluble grade A 
(Calbiochem Los Angeles, California, U.S.A.) as standard as 


shown ein gig, 2. 


Deoxyribonucleic acid 

Deoxyribonucleic acid was determined by the 
diphenylamine reaction procedure by Dische (1955) as modified 
byes one 956... 

The diphenylamine reagent was prepared by dissolving 
2.0 g of diphenylamine (Analytical Grade, Fischer Scientific) 
ie OU Mao reG acdal, acetic, aCldw(Cyl. ie pu bem: Of con 
centrated sulfuric acid was then added and after mixing 0.5 
ml of acetaldehyde (16 mg/ml concentration) was added. 

The acid insoluble residue from the material after 
RNA extraction was dissolved in 2.0 ml of 1.0 N perchloric 
acid. The tubes were covered and incubated at 50° C for 30 
minutes. 4.0 ml of diphenylamine reagent was added and the 
Mixcurcey was incubated at 30° C fon 138 hours.) ihe biue 
colored solution was read for absorbance at 600 AM in a DBG 
Spectroonotometer in a lcm light path. The concentration 
of DNA was determined against a standard curve prepared using 
calf thymus DNA, sodium salt (Sigma Chem.ca lu COs io cer auOldas, 


Massouriy Us. oO. as shown in Figs 3. 
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Protein 

Protein content was determined by the method of Lowry 
et al. (1951). 2.0 ml aliquot was taken from the acid washed, 
phosphate buffer suspended cells prepared for nucleic acid 
estimations and centrifuged for 10 minutes at 9,000 rpm at 
4° Cc. The pellet was resuspended in 2.0 ml of 1.0 N NaOH and 
the tubes capped. with marbles were incubated at 37° C for 2 
hours. 

Five ml of the alkali hydrolyzed material was mixed 


with 2.5 ml of reagent consisting of 2% Naj,CO, in 1.0 N NaOH, 


&) 
ey eC UDO 150 Jand 22 Sodiumetarcrares (100 sell) lett 
asmoe tor LOsminutes ater whichs0.25 ml of t.0 N Folin 
Ciocalteau reagent was added. The mixture was left to react 
for 30 minutes at room temperature after which the absorbance 
was measured at 500 nm. Protein content was then determined 
against a standard curve using bovine serum albumin (Pentex 
incorporated, Kankakee, Illinois); U.S.A.) as shown in Fag. 4" 


Bofecuse OL Inhnvoltouswobecel, Wall, Protein 
Wane DONA Synthesis) coneCel i Division 


The bacterial strain under investigation was allowed 
to growvat 10° C for three days after which time filaments 
had formed. Five ml aliquots were transferred in duplicate 
into 250 ml flasks containing sterile trypticase soy broth. 
Fach flask contained a specific inhibitor e.g. Pencillin G, 
Omud/miee(Sigma Chemical Co., St. sLours, Missouri) D - 


cycloserine, 50 pg/ml, (Sigma Chemical Co.) Chloramphenicol 
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10 jig/ml (Sigma Chemical Co.) and nalidixic Acid, 10 pg/ml 


(Cai biochem, scan Diego, California, U.S.A). These media, 
including a duplicate control which did not contain any 
inhibitor, were pretempered at 37° C before the inoculum 
was added.  Thesability of the £ilaments to divide into 
normal rods after the cultures have been transferred to the 
optimum growth temperature of 37° C was determined by the 
wicredcemorscellsewith colony etorming ability.) »This was 
donesby plating 1.0, ml of the culture into tryptic soy agar 
instr iplacates atl precise intervals from) the time, of ‘transfer 


for 4 Hours. 
Thee e tect sor bocter lal Nxt baCtnOne ce LL DAViS 1 Onmd tal Oe mc 


Bacterial extract was prepared from 400 ml volume of 
SQurbuceegrowne lors 4 snOULrS INeclyDtELCcase soy iDroOtihwat 3) a6 
with aeration. This volume was apportioned into 40 ml 
centrifuge tubes and the cells were sedimented by centrif- 
Moat On ya tumor, 000m tad -cOGs lO sminutec ates Cline aneRe 2B 
Sorvall High Speed Centrifuge. The cell pellet was washed 
twice with 0.1 M KH»jPO4/KjHPOq4 buffer pH 6.8. The washed 
pellet was resuspended in 10 ml of the same buffer and the 
cells broken down by sonification for 10 minutes using a 
sonifier equipped with a microtip (No. 7 setting, Branson 
Model S - 75, Branson Instrument Inc., Stamford, Connectlcut, 
U.S.A.). The sonicated cell suspénsion was again centrifuged 
at 13,000 rpm for 30 minutes at 4° C. The supernatant 


fraction was sterilized by passing the fluid through a sterile 
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Millipore filter unit using a filter paper of 0.45 u porosity 
(Mic liporesrslcter Corporation, bedford, Mass., U.StA,) © L-eO°mt 
of the resultant extract was added to each of four 100 ml 
sterile flasks of trypticase soy broth, two of which were then 
neated at 100°C for 10 minutes in an oil bath and the other two 
unheated. The four flasks, together with a duplicate of extract- 
free medium as a per ee Pea pretempered at 10°c and inoculated 
with 1% of exponentially growing culture. These were then incu- 
bated at 10°c in a metabolite shaker bath ( New Brunswick 
Scientific ) and aerated by circular agitation at 200 rpm. The 
ability of the extracts to promote cell division was determined 
by the differential increase in colony forming cells as compared 
EGeLne COnLLOL Cultures. Colony counts were determined, by plat— 
ing 1.0 ml of each culture in tryptic soy agar as done pre- 


viously. 


Preparation of Cells for Electron Microscopy 


The cells obtained from growing cultures incubated at 
37°C and 10°C were centrifuged at 10,000 rpm for 10 minutes in 
a refrigerated centrifuge and washed once with 2% sodium ace- 
tate.The cells were then fixed according to the method of 
Kellenberger et al. ( 1958 ) as follows: The pellet of cells 
was suspended in 1 ml of 1% osmium tetroxide ( Fisher Scienti- 


fic ) in acetate - veronal buffer, pH 6.1. 0.1 ml of tryptone 
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medium was added and then left in the dark overnight at room 
temperature. The fixed cells were washed with acetate - veronal 
buffer and the suspended in 2% Noble agar and after solidifica- 
tion, the agar suspended pellet was then cut into small blocks. 
These were then treated for 2 hrs in 0.05% uranyl acetate 
solution in the buffer. The blocks were dehydrated in a series 
of acetone solutions of varying concentration ( 25%, 50%, 75% 
Sdacneroresvouminutces: 390% for 30) minutes: 100%, 2 timesaton) 30 
minutes). The dehydrated blocks were put in propylene oxide 
for 30 minutes end then embedded according to the method of 
Luft ( 1961 ).using Epon as the embedding resin. The Epon was 
formulated from Epon 812 ( Shell Co., San Francisco, Catlafornia, 
U.S.A) and methyl nadic anhydride ( MNA ) ( National Aniline 
aOTET Eh of Allied Chemical and Dye Corporation, New York City, 
U.S.A. ) inal: 1 ratio. The cubes were left in a mixture of 
Epon + MNA ;: propylene oxide, 1: 1, overnight, unstoppered 
and then transferred to fresh Epon in capsules and polymerized 
at 35°C LOre) day eat 45° fOr. Gayeandsal 60°C for several 
days. After polymerization the embedded preparations were cut 
with a Reichert microtome Model OM U - 2 using a diamond knife. 
Sections were stained with 25% uranyl acetate in methanol for 
4 —~ 6 minutes, washed with 5% methanol followed with distilled 
water and re-stained with 0.5% lead citrate in dilute sodium 
hydroxide for 4 - 6 minutes and washed with distilled water. 
The preparations were examined using a Philips EM 300 electrone 
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RESULTS 


Growth 

Preliminary experiments were carried out to measure 
the growth response of S. typhimurium in TSB at various 
Belipesagire st yon 10° to S80°sGly The results. are shown in 
FiGn>.eelhe Gata are based on duplicate determination on 
individual samples from at least two complete runs. The 
behavior of the cultures at all temperatures was essentially 
theseame; ivith she exception of 10°C, At this temperature, 
the growth curve deviates somewhat from a typical exponential 
Form wDUriIng) incubation at 10° € the cell mass which was 
measured in optical density units at 450 nm did not increase 
proportionally with the increase in cell number. The specific 
growth rate determined by cell mass was 0.048 whereas, the 
equivalent in cell number was 0.022. In view of this it was 
decided to look in more detail at the temperature response of 
her tes. organismaat. 3/° Cand 02 C. 

Cal ieswere: grown atws/™ GC in TSB andi then transterre 
to fresh medium at 37° and 10° C, the inoculum being 12 by 
volume. Growth response was measured as colony count and 
absorbance at 450 nm. The results are shown in Figs. 6 and 
(age eeCanece escent tier sin “cheaculturesgrowneat, 3/7. 9G the 
colony count and absorbance are parallel, whereas at OS oa, 
the absorbance shows a greater increase than the colony 


count. As the absorbance and colony count: at 20 > Gedo nor 
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Show the same proportional increases, the result might suggest 
Piet erercultureris in a state of unbalanced growth. Lf so; 
this would be reflected in differences in the proportion of 


Macromotecuilesmat .0°sCacompared to S72 Cy 


Macromolecular Composition 

Results of the analysis of macromolecular composition 
aressioOwimilmlabte 2. The results#are presentedeacs thescatio 
of RNA/Protein and RNA/DNA. It can be seen that no marked 
differences were apparent during growth at 10° C and 37° C. 
Determination on carbohydrate content also showed no differ- 


ences between the two samples. 


Morphology 

Microscopic examination of cultures growing at 10°C 
showed that after a lag of approximately 24 hours the cells 
showed evidence of undergoing cell division. However after 
one round of division the cells were seen to elongate without 
calimaivistenmactudclly taking=place. This; couldwaccounbator 
the non-linear relationship between absorbance and colony 
Count mM (sce Figs 7). Since cell} division atgl0® Co1si.a 
very slow process, the extent of division the cells were 
undergoing could readily be observed under phase contrast 
Microscopy... AS it took approximately 24 hours lag before 
the cells went through a burst of cell division activity, 
it was possible to determine after approximately the same 
time interval if the cells were undergoing further cell 


division. The number of cells showing evidence of going 
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The Effect of Temperature on the Macromolecules 
of S. typhimurium Grown on Trypticase 


Temper- Optical 
ature density, 
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through the division process, as evidenced by the presence 
OfPeenstr crionms eatong the length of the filaments or cells 
and the percentage of such dividing cells were determined. 
Hiewtesilic wappearein Fig. 8% “Lt would acpear that after a 
DUS ce rOrecetiGdimsi10n at approximately 24) houre, the 
percentage of dividing cells declined progressively during 
prelonged incubation. jThis is supported by the results shown 
in Fig. 9, where it can be seen that with continued incuba- 
tion, the average cell length of the bacteria increased 
progressively. Although some filaments could increase in 
Tengene toras muciht as 150 times that of the regular rods, they 
do vary in length so that, the average length of 100 filaments 
Measured atwerandom was 37 UW. after a five day period of 
incubation. 

| The observation on the effect of transferring the 
CUcuCem tom LOW LcmDpeLacule: pabadtlelsethe Tesults of Ngweuw. 
(1962) which showed that growth at low temperature alters 
or damages the cells and results in a decreased growth rate. 
However, this present experiment has succeeded in showing a 
More realistic phystological evidences of-thateimcunred.cell 
Camagemoy ther resultant inhibition of icel 4 division and 
eventual growth of the rods into filaments. 

Morphological observations were also made at 8° C 

and 12° C in complex media and at 15° C in minimal medium. 
At 8° C, the cells grew into filaments but were of shorter 
length than those attained at 10° C. At 12° C there were 


some filamentous growth although the normal rods were 
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43 
predominant. However, filamentation was more readily induced 
an minimal salts medium at 15° C than at 10° C in complex 
medium. From these observations on both minimal medium and 
complex medium, it is clear that morphological transformation 
in S. typhimurium is determined by incubation temperatures 
and enhanced by nutritional limitation of the culture. 

BoLeoe of Shift in Temperature from 10° C LOM Jaen Clmtne 
Bacterial Filaments 

The ability of the filaments to revert to normal rods 
was followed by determining the average cell length of 100 
cebls@as,artunetion of time after: the’ cells were <transterred 
oO GCumtomo/ CO. lt canbe iscensquite cleanly froma. 
15 that the filaments were induced to revert to regular rods. 
when transferred to the favorable temperature for growth. 
ete 4 hours after the temperature up-shift the filaments 
had reverted almost to their normal size. The photographs 
of stained preparations obtained at an hourly interval after 
temperature up-shift lends a strong support to this observation. 
Fig. 10(a) shows cells growing exponentially'in a complex 
medium aad Fig. 10(b) shows the filamentous growth between 
3.and.4 daysuold. After the filaments were shittead 7 tow3/2 °C 
there was a gradual breakdown of the filaments as the 
incubation continued. ‘This gradual fragmentation is demons-~ 
Cracecdminwt casei lets sAtetheefougath hour, thes tilamencs 
have reverted almost entirely to the normal length as shown 
in Fig. 13(b). From this evidence, filamentous growth 
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10 microns 


Fig. 10. (a) Cells of Salmonel!a typhimurium growing exponentially at 37° ¢ in 
a complex medium ( TSB ); (b ) filamentous growth of the same organism after 


four days incubation at 10° c in the same medium. Scale length = 10 u 
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Fig. ll. (a) Cells of Salmonella typhimurium 30 minutes after shift of 


incubation temperature from 10° C ty 37 ; (b) 60 minutes after shift. 
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Fig. 12. (a) Cells of Salmonella typhimurium 90 minutes after shift of 


a ~ 


incubation temperature from 10° ¢c to 37° C; (b) 120 minutes after shift. 
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Fig. 13. (a) Cells of Salmonella typhimurium 180 minutes after shift of 


incubation temperature from 10° ¢ to 37° 'c + (b) 240 minutes after shift. 
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48 
incubation at the optimum temperature for growth, 

It was observed that when the filamentous culture 
growing at 10° C was transferred to the optimum temperature 
for growth, there was a rapid fragmentation of the filaments 
which slightly exceeded the rate of division of exponentially 
growing cultures at 37° C which have not been subjected to 
low temperatures. This is shown in Fig. 14. It was further 
noted that within 10 minutes after the shift in temperature, 


there was an obvious increase in colony forming cells. 


Bifect Of Minhibitors on the Recovery of Filamentous Cells when 


Sivbtedarconsocre to. 37 rc 
Since the filaments formed at 10° C were capable of 
reverting to normal rods when incubated at the favorable 
temperature for growth, an attempt was made to determine the 
lesion which prevents cell division. This was done by 


incorporating specific metabolic inhibitors in the medium 


Guming hes tenwperarure shirt teom l0> "GC to) 37°°C. 


A. Inhibition of €ell wall Synthesis : 

Penicillin has been shown to have two distinct 
morphological effects on Escherichia coli. One is the 
inhibition of cell division at low pencillin concentration 
and the formation of spheroplasts at high concentration. In 
general, pencillin was shown to interfere with the synthesis 
of the peptidoglycan of the bacterial cell wall. Izaki et al. 
(1966) have characterized two enzyme systems involved in the 
last steps in a sequence of reactions required for cell wall 


synthesis that are sensitive to low concentration of 
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Fig. 14. Increase in colony count of filamentous culture 
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Mean length of bacterial filaments (y) 
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Fig, 15. Reversion of filamentous growth after shift in 
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BL 
pencillin. For D—alanine carboxypeptidase a concentration 
of 0.04 pg/ml of penicillin G was sufficient to cause 50% 
inhibition of activity while for glycopeptide transpeptidase 
a concentration of 3 pg/ml was sufficient to inhibit 502 
aCeUVlCy sea COncentration of 130 g/ml was sufficient to 
inhibit growth of bacteria. Schwarz etyale) (1969) and Hartman 
inhibited cell division without affecting longitudinal cell 
growth and a Goncentration of 500 units/ml or more led to 
spheroplast formation. In this experiment the concentrations 
of penicillin G used were 10 g/ml (16.5 units/ml) and 0.04 
pg/ml (0.06 units/ml), From the data, it is seen that the 
Filaments are very sensitive to penicillin as the addition of 
this antibiotic to the recovery medium at 10 pg/ml resulted 
in a marked decrease in viability of the cells. However, at 
a concentration/’o® 0/04 ng/ml which caused 50% inhibition of 
D-alanine carboxypeptidase (izaki et al., 1966) the recovery 
of the filaments and their ability to form colonies was not 
hampered as shown in Fig. 16. 

D—cycloserine has essentially the same effect as 
penicillin on bacterial cell wall synthesis. Strominger 
Pera 1060) Shavesshown thaw stats antibiotic interferes in 
the racemization of L—alanine to D—alanine the required 
form for murein polymer and likewise, it was shown to inter- 
fere with D—alanyl - D—alanine peptide formation by D- ' 
alanyl - D=alanine synthetase in Streptococcus Raccalrs 


(Neuhaus, 1962) thus inhibiting) tke accumulation of the 
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53 
necessary nucleotide precursor for peptidoglycan synthesis. 
thlekey ckoleliineskyaye) tay ev0) Ho/MLOl Tenis antibiotic inythe recovery 
medium gave a similar result to penicillin as shown in Wig. 


Ore 


B. Inhibitors of DNA synthesis 

In view of the suggested role of DNA in cell division 
an attempt was made to,.find out if inhibition of DNA synthesis 
during cell recovery from the adverse effect of low temperature 
would prevent the filaments from undergoing cell division. 
Nalidixic acid is found primarily to Vinhibit DNA synthesis in 
Suscepet ble Organisms (GOssteulwal. 1965) particularly gram 
negative rods, while protein and RNA synthesis continue almost 
unaffected for some time after exposure to the drug. If the 
DNA formed by the filaments during growth at 10° C is normal 
and the segregation precise the inhibition of DNA synthesis 
at the time of shift. to 37° C should not prevent division from 
the start of the shift. This can be determined by the addition 
of inhibitor of DNA synthesis. Results of the effect of 
addition of 10 pg/ml of nalidixic acid on the recovery of the 
fplamentsawhensthe culture is\ transterred back to S/e C are 
Given invFig. lv. lt shows that there is jan increase in 
colony count which is evidence that cell division occurred 
for about 30 minutes after addition of the drug and after such 


time, the viability of the filaments rapidly declined. 


Gueiniiubition ofsproteinsSyuthesis 


When chloramphenicol is added to bacterial cultures 
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55 
at growth inhibitory concentrations, (Vasquez, 1966) protein 
Synthesis stops but the process involved in the concentration 
of small molecules within the cell is not affected. This 
antibiotic was found to inhibit preferentially the synthesis 
of inducible enzymes (Nakada and Magasanik, 1964) as a secon= 
dary effect® due to catabolite repression. Tt has been found 
that this @aneibilotic does not Inhibit either the activation 
of amino acids or formation of amino-acyl -S—RNA but inhibits 
Chessynenesiceor protein by blockings the growth of peptide 
on the ribosomes (Julian, 1965). However, it does not affect 
the activity of the preformed proteins or enzymes and neither 
does it affect the synthesis of cell walls (Vasquez, 1966). 

Chloramphenicol was added to the recovery medium to 
determine if protein synthesis is required for the recovery 
Of the cells tat 37sec. Nsince chioranphenicol inhibits ste 
synthesis of polypeptide chains or synthesis of proteins but 
does not affect the activity of the preformed proteins or 
enzymes, the filaments would be able to proceed to recovery 
even in the presence of chloramphenicol if proteins necessary 
for the recovery were preformed at the low temperature prior 
tonmchne shi testo higher temperature. 

The requirement for protein synthesis during the 
recovery period wherein chloramphenicol was added to the 
individual cultures at the time of temperature shift and 30 
minutes and 60 minutes after shift, is shown in Fig. 18. 
Contrary to the observation of Reeve et al. (1970) wherein 


filaments formed at 42° C were capable of dividing at the 
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log Colony count /ml 


Time (hours) 


Fig. 18. Effect of chloramphenicol on the recovery of 
Devan tOlss Celle during SuLCt Crom L0>-C-toa 37> °C. 
Chloramphenicol (10 ug/ml) added: 4=- 0 time; O- 30 minutes; 
A- 60 minutes after shift and M- no chloramphenicol. 


or, 
optimum temperature in the presence of 150 ug/ml chlora- 
mphenicol , in the present experiment, the presence of 10 ug/ml 
chloramphenicol allowed residual cell division for only a 
short period relative to the addition of the drug during 
Becoveryeandwinateatter this period, the cells progressively 
lost their viability. This observation is rather similar to 
that of Spratt and Rowbury (1970) in their experiment with 
Spaimonelda induced to form filaments at 42°"C. The strain 
that they used however required chloramphenicol concentration 
20 times greater than that required to bring the same effect 


as the bacterial strain used in this experiment. 


In one aspect of the experiment where the inoculum 
reached the threshold of stationary phase before it was 
transferred to 10° C, it was observed that filamentation was 
not as pronounced as observed in previous batches and that 
most of the filaments appeared as chains rather than as contin- 
uous strands. Due to the relatively high level of inculum 
used (50% v/v) it was assumed that the cell division factor 
which has been synthesized by the cells in the inoculum at 
37° C, became available to the new cells after they have been 
released by autolysis. An attempt was therefore made to 
Getermine the effect of thelpresencesor cell free extract 
Opener ability sot the cells tordivide.. Cell, free extracts 
were prepared aS described in Materials and Methods. Three 
flasks were prepared as follows: (1) medium plus cell 
extract (1 m1/100 mls medium; (2) medium plus cell extract 


(1 m1/100 mls), the whole contents then heated at LO Dae 
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Pees erect om cell extracts on the growth and division 
of S. tyvohimurium during incubation at 10° C: O> heatedycell 
extract added; A= unheated cell extract added: m>- novcell 
extract added. 


SW) 

LODe Usminutes. 303) emedium only, Following inoculation the 
growth of the cultures was monitored and the results are 
SHOW MeL ae Ceo tt co (Uulcemolearetiatmthemadditi1on of 
Ceti (exer ae eroucedsce!) divictonsat !0°"C@rasesnown by the 
differential increase in colony counts over that of the 
CONUCIOLy Cnesintercsting pome Nowever 1s that whether the 
celle extract iwoasmneated Oreunieated, st resulted in Similar 
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Electron Microscopy 

Electron micrographs were prepared with the purpose 
of determining if there were any differences in the 
intracellular morphological organization when the cells were 
grown at the two different temperatures. Fig. 20 shows the 
nortadilyeocowing cells pat 37°0Cme Thevcells undergoingecell 
division show a well separated nuclear material and cell wall 
CONS tEUCELOnwatorg sthemlengtheol tne: cell, -[t-seemsythat 
incubation at 10° C does not result in any gross alteration 
of DNA synthesis and nuclear division as it is shown in Fig. 
21 that the nuclear division appears to proceed normally in 
the filamentous cell. This evidence would support the finding 
Eales NimiemetCOmarowth at 370 Caincrease in) DNANpLoceeds jin 
the normal patvesn during growth at 10° C. 

One point of interest however is shown nigh. 1yeRie fs, SAR”: 
where it can be seen that the walls of the cells grown at 
10° CG appear to be loosely attached to the cytoplasmic 
meinbrane. This is in contrast with the cell walls of the 
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Fig. 20. Cross-section of cells of Salmonella typhimurium grown at ay" 
in Trypticase Soy Broth. Cells undergoing cell division show a well 
separated nuclear material (N ) and a constriction of the cell wall at 
the site of cell division ( D ). Magnification, 27,000 
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Fig. 21. Cross-section of cells of Salmonella typhimurium grown at 10°C 
in Trypticase Soy Broth. Nuclear material (N ); Cell wall ( CW ) 
Magnification, 55,000 
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Fig. 22. Cross-section of cells of Salmonella typhimarium grown at 10° c 
in Trypticase Soy Broth. Cell wall ( CW ); cytoplasmic membrane ( ™ ). 
Magnification, 43,500 


Fig. 23. Cross-section of cells of Salmonella typhimarium grown at 37° C 


in Trypticase Soy Broth. Cell walls ( CW ); cytoplasmic membrane ( C™ ). 
Magnification, 55,000 
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64 
to the cytoplasmic membrane as shown in Fig. 23. This 
morphological defect which appears as a loose binding of the 
cell wall to the cytoplasm produces a gap which appears 
Similar *to’ a pertplasmic: spacemproduced in Ee coli which 
Motac at ao 70)e attri pubedstomthesshrinkage “Ore ene 


protoplast by hypertonic solutions. 


. Mw Vc j 
: 7 - _ - uh iv) a 7 
whew JES Jobe oe Qed 
wba = : = Teed war 
Tre Xo) pnbiatd a Of a Oe ae age 
Wn Tee-> a: 


eynsgqn fi: aide aie 0 avo a ‘i hs 


lad : 
Pod he iba wot a dates margtieg 20 


WANs os GE TK sins rT (dove: de 
“Vy Rate te comics a hat wn 


oi a ‘ia 
= 2 raw f fT 


DISCUSSION AND CONCLUSIONS 


The present study was primarily undertaken to 
determine the effects of sub-optimal incubation temperatures 
On athe growth ,of.s. typhimurium. In the course of the work 
however, it was noted that the cells formed filaments at 10° Cc. 
In the view of this, most of the subsequent studies were aimed 
euptiewelucidationsofl the nmatune sorwtie etilaments -andetactors 
Gieoctinguthe ry formation wand piuagmentation. 

TReSOGrowthecurves forscultunes incubated satel 0 mLo yO. 
25 and 37° C are expected with the increases in growth occurr- 
ing with increasing temperature. The optimum growth tempera- 
tucesot lS secyohimurium «is )generaly sreported stolbes3 Jeg... One 
noticeable feature however is the long lag phase that occurs 
acl OC weno uIer pect) 1am! tysorucelisiorowneat LOS C meacunat 
they do not exhibit a linear relationship between cell mass 
and colony count as measured by absorbance and plate count 
respectively. 

Microscopic examination revealed that during incuba- 
tion at 10° C the cells failed to undergo cell division and 
as, a cesult long filaments ane produced... Since septum 
formation is a prerequisite for bacterial reproduction this 
would explain the data that cell number does not increase 
proportionately with cell mass because the filaments fail to 
form daughter cells that are capable of fonuming, colonies. 


Robinow (1944) stated that during balanced growth, bacteria 
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divides ateconstantranterval sand sat each division cycle, the 
nuclei occurring singly or in pairs are replicated, the cell 
elongates and the DNA replicas progressively separate from 
each other. A septum is then formed near the equatorial plane 
of the cell so that two cells, each one containing half of the 
DNA content of the mother cell are formed and separate from 
Sacnro cher. 

The results on macromolecular composition of: the 
organism grown at 10° and 37° C do not reveal any major 
differences that might account for the formation of filaments. 
However it is possible that qualitative changes in one or more 
of the components could be responsible for this phenomenon. 

What mechanism then, controls septum formation whose 
function is impaired at low incubation temperature? There 
Pat, general agreement that a causal relationship exists 
between DNA replication and cell division. This comes from 
the observation that agents that specifically inhibit DNA 
Syntnesis such as U.V. irradiation (Adler @ana Rardigrecy, 
1964); thymine starvation (Cohen and Barner, 1954); high 
temperature (Walker and Pardee, 1967) often resulted in the 
failure of the cells to undergo cell division process and 
therefore eventually form filaments devoid of septa or cross- 
walls. On the other hand, Smith and Pardee (1970) observed 
the requirement for the accumulation of a protein for cell 
division during the cell cycle of E. coli and that inacti~ 
vation of this component by heating above the optimum 


temperature resulted in filament FormacLon. |) PUychermMore, 
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Starka and Moravava (1967) observed filamentation in Eiaeco La 
treated with penicillin which is generally known to interfere 
MNPeEneveynthesi ston bacterials peptidoglycan. | Coss se he 
(1965) have demonstrated that the formation of elongated 
serpentine forms of E. fev Veretel cislel nai selny Teheubukelsbie, “eierWel Ie 
anger rece Ore eherminnibitioneorsoNeesntiescis. 

Avdectatled study ofsgrowtih and dayision ats l0°Cehas 
shown that growth is characterized by a lag phase of approxi- 
Mately 24 hours. Microscopic observations indicate that tne 
cells undergo a lag phase characterized by the absence of cell 
division. At approximately 24 hours however, there appears to 
be a burst of cell division as shown by the general appearance 
of constrictions along the length of the cells. After one 
round of cell division the cells are no longer able to divide 
but rather, cells increased in mass without undergoing cell 
daviston, thusiesulting in the ilormataon of elong, £ulaments 
Wien CcOnuiInued) “incubation, §“the — lengthesor the Sivlamencs 
extending —~to «as “much as) a hundred’ |times ~ihale or ea 
normal cell. From these observations therefore, it can be 
postulated that: the cell division £acton ws ipretormed ata {Cc 
PELloreeO the Shitt In temperature to 10°C anueehacicue to 
Piece olow crowenmrate at) LOC, enerom Seatdelayernnc ole 
Gy Melon fOr approximately 74 oune. BAC LG st, either the 
Actawmity Orethe Synthesis of this Cell division factor Js 
Migiortced and a hnigher temperature Tserequired for ethic 
factor to either start synthesis or regain its activity as 


evidenced by the fragmentation of filaments that occurs on 


aie he 


aek as see 


seeieces oC 
ae i 

oe ca eb ee ens Bo mas Lead 

Serna 
aa | os ; ey) a —— % 3 ee pe 

ef bigs nisin Ady taaiond I a 

ot anttonga Ave’ to. nid e294 
tat sot ts aqhalvit bed tayore 3 
+ txowgge TG owed net & Vil Beas odm 
end Jaaj wrenthat aah. boned shige 
tiqa $e pommemy ona gt eeiinmiantaniad 
ed ener — ee maar PY ¥ 


a: a 


par Oe 


Ta c I mu | 
‘Sa a Ga 


bs an oe) 


vi Whee 
a Msinaiine 


‘thé ¥ 
: Bt 
oe a ; 
£ eispi_t ¢ 
= 


a 


were wan3e ger nut tc ren nts 


obbivaty of whet a on oo, gible 


Fee tenho san ews ha, xg ef pitas, eee a 


/* .e-> A 


armen sd prod | 16 ma Saagt oct ik eetbartwy nent”, 
cieteat bt holy,’ he ‘eet ott giohaadetek beonsiic, i 
a fits baaia bershonud a 

bd spa at iteigsreds epat secant, ait mes “set my 
ive: Py peor kein vi ay aoteinan oat Jada bes eas pate 2 
aD sin sete kon OME 62 on ae a ee oe 


ite: ‘ei yetitle wok wtsds ‘ 7 ae: isyoOt> Wola 
ied matin .7°DI ae sno 
ad sepene gotnivi® Ses ae 
ae ah? inis 


ic 
if 
7 


68 


transfer back to 37° C. That this factor is more directly 
influenced by the temperature rather than the nutritional 
composition of the environment is based on the observation 
that the same medium was used in the shift experiments and 
furthermore, whether the organism was grown in complex 
medium (TSB) or minimal medium, filamentation Similarly 
appeared at low incubation temperature. As stated in the 
results, observations in complex medium at 8° C also showed 
filamentous cells but the length of the filaments is shorter 
tian «those formed at 10°C. “This is orobably due to ‘the 
faster growth at 10° C and longer filaments would be obtained 
Proportional to the increase in cell mass. Observatzons at 
12° C in the same medium showed a few filamentous cells which 
upon prolonged incubation form into normal rods. It would 
seem «thererore jehnat- at 12° °C, the cell division factor is 
synthesized and active to a limited extent or that after the 
cellsware given time to allow to adapt to tne new (ceiipecacture, 
Ene reactivity Of the cell division factor ts Maintained, 

Tis etl anentaclon) Lesulcing» Lom Sich ow geemperaLure 
Incubation 1s Samilar to that ebtained with heatesensi tive 


mutants Of fH. coli (Reeve eb als, 1970; Vance Putte etral, 


EGU Inouve, 1969); B. subtilis (Donachlemetealjerioy 1) sand 


S. typhimurium 4a and 11G (Ahmed and Rowbury, 1971). One 


common response of these organisms however in contrast with 


that of the present experiment is that, this filamentation 
was exhibited when these were incuhated at temperatures 


higher than their optimum temperature for growth. However, 
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in common with the present experiment, they all show the 
ability of the filaments to regain their normal size when 
transferred to the optimum temperature for growth. Hence 
they have been aptly called conditional thermosensitive 
mutants (Hirota et al., 1968). Two general effects were 
observed in these microorganisms mien caused filamentation 
at high temperature of incubation. Van de Putte et al. (1964); 
Walker and Pardee (1967) and Spratt and Rowbury (1970) 
observed that their organisms were sensitive for DNA synthesis 
at 42° C while Donachie et al., (1971) and Ahmed and Rowbury 
(fo 71) sobserved that ancubattonvat. 42°C destroyed alprotein: 
which had to be resynthesized before cell division could 
POStawe. 
er eT OTeG earlier, transferring the incubation 

temperature from 10° C to 37° C resulted in the recovery of 
the filamentous cells into normal rods. As shown in the 
Oho cogrepiseinertgs.. 10° — 3 rat e0sminuUtesmarten tie temper. 
ature shift there was already a noticeable fragmentation of 
the filaments and the division continued until almost a 
normal Size was attained within the first fourm shours.§  Con-— 
strictions appeared at various points throughout the filaments. 
Tt seems possible that the filaments could undergo cell 
division very rapidly after a shift in temperature as Pardee 
and Prestige (1961) have shown in their studies on the 
kinetics of induction of inducible enzymes. They found that 

8 - galactosidase, D—serine deaminase, aspartate trans-— 


carbamylase, tryptophanase and thymidine phosphorylase showed 
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70 
a lag of 3 minutes between addition of inducer and appearance 
of enzyme and that the duration of the lag was temperature 
dependent. If in this present experiment the inhibition of 
cell division was due to the requirement for a particular 
enzyme, at say, near the end of the cell cycle, then it is 
reasonable that cell division could occur within 10 minutes 
SEeerearshile in temperature, 

The results of the experiments with metabolic 
inhibitors shed some light on the phenomenon of filamentation. 
Thus both penicrlilin and VD cyciloserine fall to prevent, an 
increase: in “colony count™during ‘the ftirst) s0"minutes after 
PReranentse are’ cransterred siromelivce Gc co S7ee Coes Ae similar 
cultural response is seen with nalidixic acid. From these 
results it can be concluded that the cell wall synthesis and 
DNAS esynthesis that loccurat W0e. Cris mormalweraAl though 
Nalraixiteeacidiminhatbies: cell’ divisvonPdues tora primary ebfect 
on DNA synthesis, cells which have completed rounds of DNA 
Synthesis soriorm tothe, additiontolytherinhibitorydavide 
apparently normally (Hemstetter and Pierucci, 1968). 

Similar increase in colony counts were observed in 
the presence of chloramphenicol after transfer on incubation 
temperature. This response exhibited by this Ongamesie VS) an 
contrast with that of E. coli (Reeve et al., 1970) and S. 
typhimurium 4a (Ahmed and Rowbury, 1971) which showed either 
a long lag phase or no recovery when the cultures’ were, trans= 
ferred to the favorable temperature in the presence of the 


same inhibitors. The speed at which the cells undergo cell 
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division would mean therefore that with the organism in the 
present experiment, the factor necessary for the formation of 
the septum and the separation of the cells are indeed made at 
low temperature but either its activity is blocked or some as- 
sembly process can not take place at the low temperature whereas 
in the work of Reeve et al. ( 1970 ) and Ahmed and Rowbury (1971) 
the cell division factor is destroyed at 42° which perhaps is 
the reason for the lag, at which time the cells have to restart 
the synthesis of this factor. 

It is clearly shown that the extract from a 
stationary culture of the same organism grown at 37°C is 
capable of reversing the impairment of cell division in 
oS. typhimurium induced by incubation at 10°C. Karganonkar and 
Raut ( 1967 ) usec similar extract in an attempt to induce cell 
division in U.V. irradiated cell and he assumed that the 
factor that was responsible for the induction of cell 
division was a nucleoprotein due to the inhibition of its 
activity by heating at 52°C. Mukhergee and Bhattacharjee 
(1970) similarly believed that the active component was 
exclusively a protein on similar grounds. In the present 
experiment however, it seems unlikely that a protein com- 
ponent alone is principally affected or involved since 
heating the cell extract at 100°C for 10 minutes ebneloy tale 
cause a decrease in activity as shown by the similar 
increase in colony counts with a culture containing unheated 
extracts. Adler et al. (1966) in using similar extracts to 


induce cell division in irradiated E. coli which grew into 
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filaments have shown that the System responsible for promo- 
ting cell division was relatively complex involving both 
heat labile and heat stable compound. ‘These authors later 
(1969) found that this factor was not inactivated by pronase, 
trypsin, chymotrypsin, ribonuclease, deoxyribonuclease, 
lysozyme or a-amylase but phospholipase A completely inacti- 
vated the division promoting activity and detergents likewise 
had some inhibitory effect. Phospholipase A has been shown 
by Van Deenan and de Haas (1963) to attack phosphatidyl- 
ethanolamine, phosphatidylcholine, phosphatidylserine, 
phosphatidylglycerol and phosphatidic acid. Furthermore, 
lipases substantially decreased their division promoting 
activity. The results of the present study are not extensive 
Snougnalouconpare, with  thesevol Adlervetlal spur it ais 
interesting to note that the factor that promoted cell 
division at low temperature was heat stable. Some lipids 

are essential membrane components which play an important role 
in the biosynthesis of lipopolysaccharide and peptidoglycan. 
The active lipid such as phosphatidylethanolamine acts as a 
physical liga netien Hut not Ltseliaparc Le ppat ings netie. b1b- 
synthetic reaction sequence while the carrier lipid (polyiso- 
prenoid alcohol phosphate) does participate directly in the 
biosynthetic sequence (Rothfield and Romeo, lO.) AecktaDas 
been suggested that the formation of a lipid intermediate is 
necessary forthe mucopeptide precursors to cross the cell 
membrane to the external site of polymerization inetche; cell 


wall (Higashi et al., 1967). As shown by Dietrich et al. 
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(1967), peptidoglycan Ssynthestsyin (Mucrocoecus lysodeikticus 
is catalyzed by a particulate fraction assumed to be derived 
from the bacterial membrane, containing both enzyme protein 
and essential phospholipid which act as carrier of the sugar 
fragments during peptidoglycan synthesis. They have further 
observed an obligatory involvement of the lipid fraction in 
the biosynthesis of the peptidoglycan since after separation 
of the two components, protein alone was inactive but the 
activity could be restored by recombination with the lipid. 
As mentioned in the introduction, Okuyama (1969) found that 
the synthesis of phosphatidylethanolamine was lower at 10°C 
in E. coli while at the same time, its degradation was 
enhanced. From the foregoing reports, and in: view.-of the 
heatystability of .theacelleektractlin this work@i:tersepossible 
that a lipid is indeed involved and that a protein is an 
ancidlasvacomponent roiea cel lLedivisitonstactor,. 

As stated earlier, electron micrographs of cross- 
sections of cells grown at 37°C and 10°C were taken in order 
toesee LEi.structural features of the.twoxtypes of celis were 
differents, [tis sapparent that gthesnuclear-material under-— 
goes an orderly formation and segregation as shown by the 
presence of dense material that is. regularly spaced along 
the filaments. However, no constrictions at the distance 
between the separated nuclear material appear. However, there 
is a change in the attachment of the cell wall to the cell 
membrane in the cells incubated at 10°C. Such alteration 


is characterized by the appearance of a periplasmic space. 
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Although the appearance of a periplasmic space in micro- 
organisms is attributed to the effect of hypertonicity of the 
environment, it might also be the effect of what Grula (L972) 
observed as the leakage of proteins with presumed enzymatic 
activity from the outside peripheral area of the filamentous 
cells. The stability of the membrane integrity is perhaps 
then a very important factor that enables the whole cell to 
Carry OUT sits functions particulenly cell division an a 
normal and orderly fashion. Jacob et al. (1963) Seer 
that the bacterial chromosome is attached to the cytoplasmic 
membrane and that the association is an important factor 
which enables the bacteria to undergo an orderly process of 
cell division. Such postulated association has been proven 
by cytological studies (Jacob etal. 160m and Cancsan wand 
Lederberg, 1965). That these observations from the electron 
micrographs is an effect of temperature rather than by the 
manipulation of the cells during preparation is evidenced by 
tnetact that cells grown at 3/7 CC domnoteshow, simular 
derangement in spite of the same treatment. 

This investigation has shown that incubation of 
Salmonella typhimurium ATCC 13311 at VOPCe brings #abouc 
inhibition of cell division resulting in filament formation. 
The length of the filaments varies, reaching one hundred 
times that of a normal rod. The mechanisms that control the 
process of cell division are far from clear. Further work 
should be directed toward identification of factors in the 


cell extract that have the ability to promote fragmentation 
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of filaments. In fact the filament produced at 10°C would 


appear to be an ideal system for studies on the nature of 


celledivision in bacteria. 
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